Abstract Simulation of the dynamics of a protein in aqueous solution using an atomic model for both the protein and the many water molecules is still computationally extremely demanding considering the time scale of protein motions. The use of supra-atomic or supra-molecular coarse-grained (CG) models may enhance the computational efficiency, but inevitably at the cost of reduced accuracy. Coarse-graining solvent degrees of freedom is likely to yield a favourable balance between reduced accuracy and enhanced computational speed. Here, the use of a supra-molecular coarse-grained water model that largely preserves the thermodynamic and dielectric properties of atomic level fine-grained (FG) water in molecular dynamics simulations of an atomic model for four proteins is investigated. The results of using an FG, a CG, an implicit, or a vacuum solvent environment of the four proteins are compared, and for hen egg-white lysozyme a comparison to NMR data is made. The mixed-grained simulations do not show large differences compared to the FG atomic level simulations, apart from an increased tendency to form hydrogen bonds between long side chains, which is due to the reduced ability of the supra-molecular CG beads that represent five FG water molecules to make solvent-protein hydrogen bonds. But, the mixed-grained simulations are at least an order of magnitude faster than the atomic level ones.
Introduction
To describe the dynamic processes of biomolecules such as proteins and peptides, atomic level molecular dynamics (MD) simulations have been proven to be a useful method. Although the increase of computer power has given access to larger and larger system sizes and time scales, MD simulations are generally still limited to the multi-nanometer and multi-nanosecond range nowadays. As most biological processes occur on larger time scales, the development of models at a more coarse-grained (CG) level of resolution to reduce the computational effort is of considerable interest. In the process of coarse graining, a chosen number of atoms is subsumed into a single CG bead, thus reducing the number of particle-particle interactions. In addition, the generally smoother interaction function between CG beads facilitates the sampling of configurations. However, the choice of the degrees of freedom to be eliminated in the process of coarse-graining is not trivial and depends largely on the questions that should be answered using the CG model, as coarse graining involves per se a loss of information. Generally, it is advantageous to select degrees of freedom that account for a large part of the computational cost. Coarse graining of these provides considerable speed-up of the simulation, while these may be of less interest for the property or biomolecular process to be investigated. To this category we count the solvent degrees of freedom and, in the case of membrane proteins, also intra-molecular degrees of freedom of lipids, whereas proteins usually present only a small part of the system and a detailed, i.e. atomistic, description is often essential for a correct representation of their structural and dynamic properties. Thus, combining an atomistic, fine-grained (FG) protein with a CG solvent may be a promising approach to simultaneously reduce the computational cost of a simulation and retain the details for the region of interest, i.e. the protein. A variety of multigraining schemes has been proposed recently [see Ref. Riniker and van Gunsteren (2012) for an overview]. Here, we focus on so-called hybrid systems of FG and CG particles where the FG and CG levels of modelling are combined analogous to hybrid quantum/classical (QM/MM) models (Neri et al. 2005; Shi et al. 2006; Michel et al. 2008; Masella et al. 2008 Masella et al. , 2011 Orsi et al. 2009; Rzepiela et al. 2011 ). Thereby, molecules of different resolution, i.e. FG or CG, coexist in the system and the resolution of a molecule is fixed. The proposed hybrid approaches differ in the central question of how to define the interaction between the FG and CG particles. Shi et al. (2006) chose to completely reparametrise all FG-CG interactions using the force-matching methodology. They applied their model to study the polypetide gramicidin A forming an a-helix in a CG DMPC membrane solvated in CG water. Thereby, a single water molecule is represented by a CG water bead and in the lipids groups of 3-6 atoms are subsumed into CG beads. The backbone atom-positional RMSD of the polypetide from the NMR solution model structure in the 10 ns mixed-grained simulation agrees with the RMSD of the purely atomistic simulation. Michel et al. (2008) employ a standard 12-6 LennardJones potential energy function for the CG beads and thus the FG-CG Lennard-Jones interaction parameters can be derived using standard combination rules. Two additional parameters were introduced to calibrate the FG-CG Lennard-Jones and electrostatic interactions to reproduce experimental partition coefficients of amino-acid sidechain analogues. As CG solvent the soft sticky dipole model (Liu and Ichiye 1996) was used, which represents a single water molecule. They also applied their model to study the transmembrane permeability of a series of small organic molecules through a CG DMPC membrane.
Another approach has been proposed by Masella et al. (2008 Masella et al. ( , 2011 where the polarisable pseudo-particle water model (Basdevant et al. 2006 ) is mixed with a polarisable atomistic solute model. They found that the standard Lennard-Jones potential energy term was not hard enough to prevent a polarisation catastrophe and had to be altered accordingly. Their solvent model represents a single water molecule, where the solvent dipoles only interact with the solute dipoles and not with each other. For the mixed simulations, a model-dependent renormalisation factor had to be introduced for the dipoles of the solute. The model has been applied to study the structural stability of bovine pancreatic trypsin inhibitor (BPTI) (Masella et al. 2008 (Masella et al. , 2011 , as well as G-protein and a ubiquitin-like domain (Masella et al. 2011 ) by analysing the atom-positional RMSD of the backbone from the X-ray structure and the potential energy terms.
A fourth method avoids the definition of FG-CG interactions altogether by introducing virtual CG sites for groups of FG atoms, where the CG solvent only interacts with these virtual CG sites (Rzepiela et al. 2011) . The forces of the CG virtual sites are then mapped back on the underlying FG atoms. The model has been tested on FG butane molecules in CG butane and on FG dialanine peptides in CG water or CG butane. Thereby, four water molecules are represented by a Lennard-Jones bead without electrostatic interactions.
Most of the hybrid models discussed above employ a CG solvent model that represents only a single water molecule, thus limiting the achievable speed-up. Here, we use a recently introduced CG water model where five water molecules are subsumed into a CG bead with explicit electrostatic interactions, thus reproducing the dielectric screening properties of water. The application of this model in mixed-grained simulations has been investigated for FG/CG mixtures of liquid water . Only a minor parametrisation effort was required to reproduce the solvation free energy of water and the solvation free energies of small alkanes in water. Here, we test the generality of this mixedgrained model on four proteins, i.e. hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM), solvated in CG water at room temperature and pressure. The four proteins represent different secondary structure motifs, i.e. all a-helical, all b-strand, and combinations thereof. The structural and dynamic properties are analysed and compared to those obtained from purely atomic level simulations, from simulations using an implicit solvent or in vacuo. In addition, the configurational ensemble of hen egg-white lysozyme is used for a comparison of simulated averages to experimental data for a number of observable quantities.
Methods

Fine-grained and coarse-grained models
The atomistic GROMOS force field 54A7 was used for the proteins, and the simple-pointcharge model (Berendsen et al. 1981 ) (SPC) as atomistic fine-grained solvent. In the coarse-grained solvent model, five SPC water molecules are subsumed into a spherical CG bead, which consists of two interaction sites, named ''center water'' (CW) and ''dipole particle'' (DP), representing a polarisable dipole. The two sites are connected by an unconstrained bond with an attractive quartic potential energy function, making the model polarisable. This CG model is described in detail in Ref. Riniker and van Gunsteren (2011) .
The Lennard-Jones parameters for the FG-CG interactions are determined using the standard GROMOS combination rules . The DP site of the CG bead, which interacts purely electrostatically with other CG beads, has an additional repulsive C 12 term for the interaction with FG atoms to prevent a polarisation catastrophe. The dielectric permittivity within the cutoff sphere is e FG cs ¼ 1 for FG-FG electrostatic interactions, e mix cs ¼ 2:3 for FG-CG interactions, and e CG cs ¼ 2:5 for CG-CG interactions. The parametrisation of the FG-CG interactions is described in more detail in Ref. Riniker and van Gunsteren (2012) .
Proteins
The four proteins were chosen to cover the diverse secondary and tertiary structure elements commonly found, i.e. purely a-helical, purely b-strand, and combinations thereof. The proteins were hen egg-white lysozyme [HEWL, RCSB protein databank (PDB) entry 1AKI (Artymiuk et al. 1982) ], major cold shock protein [CspA, PDB entry 1MJC (Schindelin et al. 1994) ], protein G [GP, PDB entry 1PGB (Gallagher et al. 1994) ], and chorismate mutase [CM, PDB entry 2FP2 (Okvist et al. 2006 )] (Fig. 1) . The protonation states were chosen to match a pH of 7 and hydrogen atoms were added to the X-ray structures according to standard geometric criteria. The histidine side chains were protonated at N d or N e depending on their hydrogen-bonding environment. In CM, the first three residues were not considered.
Simulation details
All simulations were performed for 20 ns under NPT conditions using the GROMOS package of programs Kunz et al. 2012) . 1 The bond lengths of the protein were constrained to the ideal values applying the SHAKE algorithm (Ryckaert et al. 1977) . The temperature was maintained close to its reference value T = 298 K by weak coupling to a temperature bath with a relaxation time of 0.1 ps (Berendsen et al. 1984) . The pressure was maintained close to its reference value P = 1.013 bar (1 atm) by weak coupling to a pressure bath with a relaxation time of 0.5 ps and using the isothermal compressibility
Newton's equations of motion were integrated using the leap-frog scheme (Hockney 1970 ) with a time step of 2 fs. A reaction field force (Tironi et al. 1995) was applied using the experimental relative dielectric permittivity e rf ¼ 78:5 (Lide 2007) in the case of an explicit solvent model, or e rf ¼ 1 for the simulations using an implicit solvent SASA model or vacuum boundary conditions. The contributions to the reaction field by the covalently bound nearest-neighbour atoms that are excluded from the non-bonded van der Waals and Coulomb interaction were considered in all simulations.
Simulations in atomistic water
The four energy-minimized proteins were solvated in a cubic box with a minimum distance to the wall of 1.4 nm, i.e. HEWL in 14,332 water molecules, CspA in 8, 128, GP in 7, 444, and CM in 20, 643 , and simulated with periodic boundary conditions. The solvent was energy-minimized with the protein kept fixed by restraining all solute atoms to their positions in the starting structure through a harmonic potential energy term with a force constant of 2:5 Â 10 4 kJ mol À1 nm À2 . Sodium or chlorine counter ions were added to neutralize the total charge of the protein. Initial velocities were randomly generated from a Maxwell-Boltzmann distribution at 60 K. During the equilibration, the temperature was increased stepwise from 60 to 300 K in steps of 60 K, with a step size of 20 ps. The protein position restraints were simultaneously relaxed by lowering the force constant by a factor 10 at each step. The final configurations Fig. 1 From left to right, crystal structures of hen eggwhite lysozyme [HEWL, PDB entry 1AKI (Artymiuk et al. 1982) ], major cold shock protein [CspA, PDB entry 1MJC (Schindelin et al. 1994) ], protein G [GP, PDB entry 1PGB (Gallagher et al. 1994) ], and chorismate mutase [CM, PDB entry 2FP2 (Okvist et al. 2006) ]. a-helices are shown in red, 3 10 -helices in black, and b-strands in blue were used as starting structures for the 20-ns production runs. For the non-bonded interactions, a twin cutoff method was used with a short-range cutoff radius of 0.8 nm, an intermediate-range cutoff radius of 1.4 nm, and an update frequency of five time steps for the short-range pairlist and intermediaterange interactions. The O-H and H-H bond lengths in the solvent were constrained to the ideal SPC values applying the SHAKE algorithm (Ryckaert et al. 1977 ).
Simulations in coarse-grained water
The four proteins were solvated in a cubic box with a minimum distance to the wall of 1.4-1.6 nm, i.e. HEWL in 3,217 CG beads, CspA in 1,659, GP in 1,669, and CM in 3,939, and simulated with periodic boundary conditions. The larger minimum distance to the wall is required by the larger non-bonded cutoff used in the mixed-grained simulations (see below). As starting structures, the equilibrated structures of the proteins from the simulations in FG water were used. The CG water was energy-minimized and subsequently equilibrated in three steps. In the first 100 ps, the protein atoms were positionally restrained with a force constant of 2:5 Â 10 4 kJ mol À1 nm
À2
and the volume was held constant. In the second step, a NPT simulation of 250 ps length was carried out with a positionrestraining force constant of 2:5 Â 10 2 kJ mol À1 nm À2 , and subsequently a 250-ps simulation was performed without any position restraints. For the non-bonded interactions, a twin cutoff method was used with a short-range cutoff radius of 1.4 nm, an intermediate-range cutoff radius of 2.0 nm, and an update frequency of five time steps for the short-range pairlist and intermediate-range interactions.
Simulations in implicit solvent and vacuum
The four proteins were simulated using vacuum boundary conditions and the vacuum GROMOS force field 54B7 . As starting structures, energy-minimised X-ray structures were used. The implicit solvent model (Fraternali and van Gunsteren 1996) , which describes the force of the solvent on the protein atoms as a function of the solvent accessible surface area (SASA) of the protein, was used without volume correction ). The model is described in detail in Refs. Fraternali and van Gunsteren (1996) , Allison et al. (2011) . For the non-bonded interactions, a twin cutoff method was used with a short-range cutoff radius of 0.8 nm, an intermediate-range cutoff radius of 1.4 nm, and an update frequency of five time steps for the short-range pairlist and intermediate-range interactions.
Analysis
The GROMOS analysis programs to calculate energies ene_ana, atom-positional root-mean-square deviations rmsd, atom-positional root-mean-square fluctuations rmsf, secondary structure elements dssp, hydrogen bonds hbond, radii of gyration rgyr, torsional-angle transitions ditrans, NOE distance-bound violations prep_noe, noe and post_ noe, 3 J-coupling values jval, residual dipolar couplings svd_fit, and 1 H-15 N order parameters nhoparam are described in more detail in Ref. Eichenberger et al. (2011) .
RMSD and RMSF
The backbone atom-positional root-mean-square deviation (RMSD) between a configuration and a reference configuration has been calculated based on all backbone non-hydrogen atoms (N, C a , C, O) using the following formula,
where N bb is the number of backbone atoms considered, r i the position of atom i, and r i;ref the position of atom i in the reference configuration. As reference configurations, the X-ray structures of the proteins studied were used (Artymiuk et al. 1982; Schindelin et al. 1994; Gallagher et al. 1994; Okvist et al. 2006 ). The atom-positional root-mean-square fluctuations (RMSF) were calculated for the C a atoms of the backbone and for the last non-hydrogen atom of each side chain
using the following formula,
where i indicates the C a or side-chain atom of residue i; hr i i its average position, and N t is the number of configurations in the simulation. The RMSF was further averaged over all residues using a mean-square sum,
where x indicates the backbone (C a ) or side chain atoms (sc), and N i is the number of residues.
Radius of gyration
The radius of gyration of a protein is a measure of the compactness of a structure and can be related to the lightscattering intensity,
with
where N a is the number of protein atoms, r i the position of atom i, m i the mass of atom i, and M the total mass of the protein atoms.
Secondary structure elements
The secondary structure elements of the four proteins were detected and monitored based on the rules of Kabsch and Sander (1983) . In order to avoid ambiguous assignment if a residue is part of two different secondary structure elements, the following priority rules were applied:
Hydrogen bonds
The geometric criterion for a hydrogen bond was a minimum donor-hydrogen-acceptor angle of 135°and a maximum hydrogen-acceptor distance of 0.25 nm. The hydrogen bonds were split for each protein into three groups: backbonebackbone (bb-bb), backbone-side chain (bb-sc), and side chain-side chain (sc-sc). During a simulation, the number of configurations in which a hydrogen bond is present, N hb , is counted and the occurrence is given in percentage,
where N f is the total number of configurations in a simulation trajectory. For each of the three groups bb-bb, bb-sc and sc-sc, the occurrence of the corresponding hydrogen bonds was summed up.
Torsional-angle transitions
The 60°and 120°-transitions of the torsional angles /; w; v 1 ; v 2 ; and v 3 were counted during the 20-ns simulation time. The root-mean-square fluctuations (RMSF) of the torsional angles were calculated and averaged analogously to Eqs. (2) and (3).
H-
N order parameters
The 1 H-15 N order parameters (S 2 ) of hen egg-white lysozyme (HEWL) were calculated using the following equation (Henry and Szabo 1985; Chandrasekhar et al. 1992) ,
where l a are x-, y-, and z-components of the normalised inter-atomic N-H vector. The order parameters were compared to experimental data of HEWL (Buck et al. 1995) .
NMR NOE proton-proton distances and 3 J-coupling constants A total of 1,630 experimental NMR proton-proton upper distance bounds of HEWL were taken from Ref. Schwalbe et al. (2001) and pseudo-atom distance corrections as given by Wüthrich et al. (1983) were added. The proton-proton distances in the simulation were calculated using 1/r 6 averaging, i.e. hr À6 i À 1 6 . Experimental 3 J-coupling constants of HEWL reported by Smith et al. (1991) were used for comparison to calculated coupling constants.
Backbone
15 N-1 H, 13 C a -13 C, and 13 C-15 N residual dipolar couplings
The residual dipolar coupling (RDC) D ij between two spins i and j is given by
where c i is the gyromagnetic ratio of spin i, l 0 the magnetic permittivity of vacuum, h Planck's constant, P 2 the second-order Legendre polynomial, and h ij the angle between the inter-nuclear vector r ij and the static magnetic field. If the protein is more or less rigid, Eq. (8) can be reformulated such that the averaging over different orientations of the protein with respect to the magnetic field is represented by an alignment tensor A,
where f x ; f y and f z are the angles between the inter-nuclear vector and the x-, y-, and z-axes, respectively. The alignment tensor A is determined for every configuration in the trajectory by a singular-value decomposition (SVD), solving the equation
where the matrix a contains the five independent elements of the 3 9 3 alignment tensor, and the matrix R contains the N RDC experimental RDCs used for the fit. The resulting Q-value reflects the quality of each SVD fit,
and can be displayed as a distribution for all configurations in the trajectory.
Results and discussion
First, the influence of the process of coarse graining on various non-measurable properties is analysed by a comparison of the configurational ensembles generated in the four different environments. The focus is on the FG and CG simulations, while the results of the SASA and vacuum simulations were added for completeness. Second, a comparison of simulated with measured values for quantities that can be measured or derived from experimental data is presented for HEWL, for which ample NMR data are available.
Comparison of environments
The four proteins hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM) were simulated for 20 ns in four different environments, i.e. in FG water (SPC), in CG water, in implicit solvent (a SASA model), and in vacuo, and their structural and dynamic properties were analysed and compared. As reference thereby the simulation in FG water is used, although an atomic level simulation also has finite accuracy in regard to the reproduction of experimental data.
Atom-positional RMSD, RMSF, and radius of gyration
The atom-positional root-mean-square deviations (RMSD) of the backbone atoms with respect to the crystal structure are shown in Fig. 2 . No clear trend can be observed. For HEWL and CM, the RMSD in CG water is closest to the RMSD in FG water. The protein in the implicit solvent and in vacuo deviates more from the crystal structure in the case of HEWL and less in the case of CM. For CspA, the RMSDs of the protein in CG water and in vacuo are closest to the RMSD of the protein in FG water. In the case of GP, all other environments have a larger RMSD compared to the protein in FG water, with the protein in CG water and in implicit solvent deviating the most. The average atom-positional root-mean-square fluctuations (RMSF) over 20 ns of simulation of the backbone C a atoms and of the last non-hydrogen atom of each side chain are given in Table 1 . Again, no clear trend is observable. Both the average backbone RMSF and the average side-chain RMSF of the protein in CG water underestimate the ones in FG water in the case of HEWL, CspA, and CM, but overestimate them in the case of GP. The average RMSFs in implicit solvent and in vacuo are sometimes closer to the value in FG water than the value in CG water is, and sometimes further away.
The radius of gyration (RGYR) of the protein in CG water is similar to the one of the protein in FG water in the case of HEWL, CspA, and CM, and slightly increased in the case of GP (Fig. 3) . In the latter case, the simulation in vacuo results in the most similar RGYR.
Secondary structure elements, intra-protein hydrogen bonds and energies
The time evolution of the secondary structure elements is shown in Fig. 4 . Overall, the secondary structure of all four proteins is stable in CG water. In the case of HEWL, seven of the eight helices (residues 5-14, 20-22, 25-36, 80-84, 89-101, 109-114, and 120-123) and both b-strands (residues 43-45 and 51-53) reported in the crystal structure (Artymiuk et al. 1982) are maintained. Only the 3 10 -helix (residues 104-107) is lost during the simulation. This helix is also lost in the simulation of the protein in vacuo together with the last helix (residues 120-123), which is lost in the implicit solvent simulation. The crystal structure (Schindelin et al. 1994 ) of CspA reports one helix (residues 35-37) and five b-strands (residues 5-13, 18-23, 30-34, 50-56, and 63-69), which are all maintained in the protein in CG water as well as in the other environments, although with more fluctuations. In the case of GP, one helix (residues 23-36) and four b-strands (residues 1-9, 12-20, 42-46 and 50-56) are reported in the crystal structure (Gallagher et al. 1994) . One end of the helix unfolds partly during the simulation in CG water, and the third b-strand (residues 42-46) becomes thinner, while these secondary elements are completely stable in the protein in FG water. However, the same b-strand is also only partly stable in implicit solvent where in addition the second b-strand (residues 12-20) partly disappears. The secondary structure of CM consists of nine a-helices (residues 3-16, 16-27, 33-51, 54-83, 84-87, 94-115, 115-120, 123-140, 142-154) as reported in the crystal structure (Okvist et al. 2006) . These helices are maintained throughout the 20-ns simulation time in all environments. The intra-protein hydrogen bonds (H-bonds) were split into backbone-backbone (bb-bb), backbone-side chain (bbsc), and side chain-side chain (sc-sc) H-bonds, and are listed in Table 2 . Both the total number of H-bonds observed and the sum of the occurrence in percentage are given. In the case of bb-bb H-bonds, the total number observed in CG water is generally closer to the number in FG water compared to the other environments. In the simulations in vacuo, both the total number of H-bonds and the summed occurrence are increased compared to FG water, indicating that the vacuum surrounding the protein favours these interactions. The same is found for the simulations in implicit solvent for HEWL and GP. In the case of CspA and CM, the total number of H-bonds is increased in the implicit solvent but not the summed occurrence. The analysis of the bb-sc H-bonds shows that more and more stable H-bonds occur in all other environments compared to FG water, with the largest numbers of H-bonds found in CG water. In the case of sc-sc H-bonds, on the other hand, significantly more and more stable H-bonds are observed in the protein in CG water compared to the three other environments. This is not entirely surprising given that the polar side chains at the surface of the protein can no longer form H-bonds with the solvent and there is no additional term driving the polar side chains away from the protein as in the SASA model. In addition, the vacuum force field 54B7 used for the simulations in vacuum and in implicit solvent does not have full charges on polar side chains such as lysine, arginine, etc., which also results in a smaller driving force to form sc-sc hydrogen bonds. The observation of an increased number of sc-sc H-bonds is reflected in the intra-protein potential energy and its components are listed in Table 3 . H-bonds are electrostatically highly favourable, but the close vicinity of the atoms involved leads to a repulsive Lennard-Jones energy contribution. For all four proteins, the electrostatic energy term V CRF is thus lower and the Lennard-Jones energy term V LJ higher in CG water, resulting in an overall lower potential energy compared to FG water. Interestingly, both the implicit solvent and the vacuum environment lead to a lower V LJ and a higher V CRF compared to FG water.
Torsional-angle analysis
The Ramachandran plots of the backbone torsional angles / and w are shown in Fig. 5 . As was already observed in the secondary structure element analysis, the secondary structure is well preserved in the mixed-grained simulations, and thus the size and position of the maxima in the Ramachandran plots are maintained. In the implicit solvent and in vacuo, additional configurations with torsional Fig. 4 From top to bottom, secondary structure elements of hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM). a-Helices are shown in red, 3 10 -helices in black, p-helices in green, b-bridges in yellow, and b-strands in blue angles in the upper right quarter were sampled in all four proteins compared to the protein in FG water.
The total number of transitions of the backbone torsional angles / and w and of the side-chain torsional angles v 1 , v 2 and v 3 are listed together with the respective average rootmean-square fluctuation in Table 4 . For the backbone angles, the total number of transitions observed in the protein in CG water is closest to the value of the protein in FG water (except for / in CM and w in CspA). There is no clear trend in the average RMSF values but they are generally close between all environments with a few exceptions, e.g. the RMSF of / in CspA and of w in GP in the vacuum environment. The same general trend holds for the first two side-chain torsional angles v 1 and v 2 , although the average RMSF of v 2 is generally lower in CG water than in the other environments. This is even more pronounced for v 3 , where the average RMSF in CG water is significantly lower and also the total number of transitions is smaller for all four proteins. This finding is in agreement with the increased number of hydrogen bonds involving side chains. There are only five amino acids with a v 3 torsional angle and four of these five amino acids are polar ones forming hydrogen bonds, thus dominating the analysis for this torsional angle.
Comparison to experiment
The simulations of hen egg-white lysozyme (HEWL) in FG water, in CG water, and in vacuo were compared to experimental data, i.e. NOE distance bounds, 1 H-15 N order parameters, 3 J H N H a -coupling constants, and residual dipolar couplings (RDC).
The distributions of the NOE distance bound violations observed in the three simulations are shown in Fig. 6 . In general, the number and size of the violations are slightly increased in the mixed-grained simulation but smaller compared to the vacuum environment. There were six violations larger than 0.3 nm found in the protein in FG water, which are, however, not crucial as all of them involve the carboxy terminal residue (LEU129), which is very mobile. In the protein in CG water, also six violations larger than 0.3 nm were found and they also involve LEU129. In the vacuum simulation, 10 violations larger than 0.3 nm were observed. One of them involves LEU129 and three involve TRP28. The other six violations are between residues in different parts of the protein.
The 1 H-15 N order parameters of the protein in the three environments are compared to order parameters derived from experiment in Fig. 7 . The order parameters from the simulations are generally smaller than those derived from the experiment. The largest order parameters are found for residues in helices. This pattern is reproduced roughly by Table 2 Total number (#) and total occurrence (occ) over 20 ns of hydrogen bonds in the protein of hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM), split into backbone-backbone (bb-bb), backbone-side chains (bb-sc), and side chain-side chain (sc-sc) hydrogen bonds. The total occurrence is given as the sum of the occurrences of the individual hydrogen bonds obtained using Eq. (6 all three simulations. The vacuum simulation, however, largely overestimates the order parameter of residues 85 and 102/103, while the CG simulation only overestimates the order parameter of residue 85. The largest differences between the order parameters in the CG simulation compared to the FG simulation and the experimental data are observed for residues 74 and 102-105, for which the CG simulation yields much less order. Yet, the C a positional RMS fluctuations for these residues display similar values, i.e. mobility (data not shown). The total number of bb-bb hydrogen bonds involving residues in the range 70-80 and 100-110 is 25 for the FG simulation and 24 for the CG simulation. For the bb-sc hydrogen bonds, these numbers are 8 (FG) and 25 (CG), and for the sc-sc hydrogen bonds these numbers are 6 (FG) and 18 (CG). A detailed comparison of these hydrogen bonds with high occurrence, i.e. C50 %, is given in Table 5 . The bb-bb hydrogen bond patterns in the range 70-80 for the FG and CG simulations are similar. In the range of 100-110, the patterns are different, e.g. the hydrogen bond between residue 105 and 108 is very stable in the FG simulation but barely present in the CG simulation while for the hydrogen bond between residue 105 and 107 the picture is inverted. The hydrogen bonds in the CG simulation are generally more stable, which would indicate more order instead of less. Taken this together, there is no clear explanation for the difference in the order parameters. However, the different number and occurrence of the side chain hydrogen bonds may explain the loss of the 3 10 helix (residues 104-107) observed in the CG simulation. Especially the high occurrence of a hydrogen bond between the side chains of residues 106 and 116 as well as between the side chain of residue 103 and the backbone of residue 21 leads to an unfolding of the helical structure at this location. Experimental proton-proton 3 J H N H a -coupling constants of HEWL (Smith et al. 1991 ) were compared to calculated values from the simulations (Fig. 8) . The root-mean-square deviations (RMSD) of the calculated coupling constants from the experimental values are 1.6, 1.8, and 1.8 Hz for HEWL in FG water, in CG water and in vacuo, respectively. However, the quality of the calculated 3 J-couplings is low because of the inaccuracy due to the empirical nature of the parameters of the Karplus relation, which is used to obtain a 3 J-coupling from a configuration (Allison and van Gunsteren 2009; Steiner et al. 2012) . Additionally, the sampling in a simulation is limited compared to the experimental time scale.
The quality of fitting the backbone 15 N-1 H, 13 C a -13 C, and 13 C-15 N residual dipolar couplings (RDC) calculated from simulation to the experimental RDCs of HEWL (Higman 2004 ) is assessed by a so-called Q-value (Eq. 11).
The closer a Q-value is to zero, the better is the quality of the fit. The distribution of the Q-values observed in the three simulations is shown in Fig. 9 . The values of the simulations are all much higher than the value calculated from the crystal structure (Artymiuk et al. 1982) . The protein in FG water results in Q-values closest to zero compared to the other two environments. Interestingly, the mixed-grained simulation performs similarly to the purely atomistic simulation for the 13 C a -13 C RDCs and worse for the 13 C-15 N RDCs, while the performance for the 15 N-1 H RDCs is worse than in the vacuum simulation.
Computational efficiency
A simulation of 500 steps of HEWL in FG water, in CG water, and in implicit solvent was performed with a single CPU and with four CPUs using MPI or OpenMP parallelisation. The number of CG beads in the mixed-grained simulation represented the same number of water molecules as present in the purely atomistic simulation to allow a fair comparison. The simulation in CG water is an order of magnitude faster than the purely atomistic simulation independent of the number of CPUs used, although much larger cutoffs for all non-bonded interactions are used in the mixed-grained simulations, i.e. 1.4 and 2.0 nm versus Table 4 Total number (#) and average root-mean-square fluctuation hRMSFi (in degrees) of the torsional angles /, w, v 1 , v 2 , and v 3 using Eqs.
(2) and (3) of hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM) 0.8 and 1.4 nm. The use of four instead of one CPU leads to a speed-up of a factor three. On a single CPU, the simulations in CG water and in implicit solvent are equally fast. However, the SASA model does not allow parallelisation as well as the CG model, resulting in a factor two difference in speed on four CPUs.
Summary and conclusions
Molecular dynamics (MD) simulations of four proteins, hen egg-white lysozyme (HEWL), major cold shock protein (CspA), G-protein (GP), and chorismate mutase (CM), solvated in coarse-grained (CG) water were analysed in terms of structural and dynamic properties, and compared to simulations of the same proteins in atomistic, finegrained (FG) water, in implicit solvent (SASA model), and in vacuo. In addition, the simulations of HEWL were compared to experimental NOE distance bounds, 3 J-coupling constants, N-H order parameters, and backbone residual dipolar couplings.
The comparison of the backbone atom-positional rootmean-square deviation (RMSD) with respect to the crystal structures, the atom-positional root-mean-square fluctuations (RMSF) of the backbone and the side chains, the radius of gyration, the evolution of the secondary structure elements, and the Ramachandran plots shows no significant difference between the purely atomistic simulations and mixed-grained simulations. The protein in CG water generally performs better compared to the simulations in implicit solvent or in vacuo. The major difference observed is an increased occurrence of side chain-side chain (sc-sc) hydrogen bonds due to the lack of hydrogen-bond partners in the solvent. For the simulations in implicit solvent and in vacuo, the corresponding vacuum force field was used, which does not have full charges on the ARG, LYS, ASP, and GLU side chain and the polypeptide chain termini, therefore preventing the formation of salt bridges. In addition, the SASA model contains a term to drive polar side chains on the surface away from the protein. The increased number of sc-sc hydrogen bonds in the mixedgrained simulations is reflected in the intra-protein potential energy V pot and its components. Hydrogen bonds are electrostatically favourable but due to the short distance between the involved atoms the Lennard-Jones energy is less negative, i.e. more repulsive. Thus, the Lennard-Jones energy V LJ of the protein in CG water is less negative compared to that of the protein in FG water and the electrostatic energy V CRF is more negative. Interestingly, the opposite trend is found for the protein in implicit solvent and in vacuo, where V LJ is more negative and V CRF is less negative compared to the protein in FG water. The effect of the larger occurrence of sc-sc hydrogen bonds can also be observed in the analysis of side-chain torsional angles v 1 , v 2 and v 3 . While the total number of transitions and the RMSF of the first two angles, which are present both in side chains forming hydrogen bonds (mostly polar) and in such not forming any (apolar), show no clear difference between the proteins in CG or FG water, significantly fewer transitions occur for the last angle v 3 and also the RMSF is much smaller in CG water compared to FG water. This angle occurs mainly in polar side chains. If these side chains form more and more stable hydrogen bonds, the number of transitions will decrease and thus the RMSF will be reduced.
Further analysis of the simulations of HEWL in FG water, in CG water, and in vacuo shows that the extent of agreement with the available experimental data is not much decreased in the mixed-grained simulation compared to the purely atomistic simulation. The number of NOE distance bound violations increases slightly and the RMSD of the calculated and measured 3 J H N H a -coupling constants increases from 1.6 to 1.8 Hz. The distributions of the Q-values of the backbone RDCs are shifted but in general still smaller than in the vacuum simulation.
Finally, it can be stated that the fold of the atomistic proteins in CG water is stable within the 20 ns simulation length and no larger alteration in the structural and dynamic properties can be detected except an increased occurrence of sc-sc hydrogen bonds. This difference comes, however, with a speed-up of an order of magnitude compared to purely atomistic simulations. Therefore, a possible application of these mixed-grained simulations can be in free energy difference calculations between a series of ligands bound to a protein, where only the overall stability of the secondary structure and thus of the (buried) binding pocket is important. The speed-up gained through the use of CG solvent would allow the application of accurate methods such as thermodynamic integration on larger data sets. (Higman 2004) . The Q value of the fits from the X-ray crystal structure (Artymiuk et al. 1982 ) is shown by a vertical dashed-dotted line
